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I. INTRODUCTION
Wires of protein-bound water molecules are essential features in proton transporting membrane proteins. 1 These proteins, such as PS II, [2] [3] [4] cytochrome C oxidase, [5] [6] [7] respiratory complex I, 8 and the bacterial reaction center, 9, 10 are crucial in the maintenance of a transmembrane proton gradient necessary for ATP synthesis. 11 Opposed to the situation in bulk water, 12, 13 these protein-bound water wires conduct protons from the protein surface to the proteins' active sites, or through the protein core across a membrane, in directional transport mechanisms.
14 Moreover, protein-bound water molecules are discussed to be key players in proton conduction through the human Hv1 proton channel, 15, 16 channelrhodopsin II, 17, 18 which is the corner stone of optogenetics, 19 and the M2 proton channel of influenza viruses, which is an important target for antiviral drugs. 20, 21 Quite the opposite of these systems, aquaporins selectively transport water molecules in form of similar chains, but inhibit proton transport along them. 22 Rearrangements of protein-bound water molecules were also found in the activation process of several G protein-coupled receptors (GPCRs). [23] [24] [25] [26] [27] Protein-internal water molecule positions observed in different GPCR crystal structures are conserved, pointing to a highly conserved water-mediated activation mechanism. 28 Water molecule networks therefore are as important as amino acids for the function of transmembrane proteins. 1, 14 Understanding their dynamics, properties, and structure is a crucial prerequisite for understanding protein function. a) Author to whom correspondence should be addressed. Electronic mail:
gerwert@bph.rub.de.
Water molecules within the core of a protein may face hydrophobic surfaces. [29] [30] [31] [32] This situation strongly resembles the one of water molecules found in single walled narrow carbon nanotubes: 33, 34 here as well, water molecules have to form a linear chain through a narrow hydrophobic tube without being able to form hydrogen bonds with the surrounding hydrophobic walls. As a result, both proteinbound and carbon nanotube-bound water wires clearly differ in their physicochemical properties from bulk water. A targeted change in nanotube-bound water wire composition has been proposed as basis for, e.g., protonic current-based fieldeffect transistors. 33 Thus, studying the mechanisms of proton transfer through protein-bound water wires is a source of information for understanding proton transfer in membrane proteins and also for the creation of new nanoscale devices.
The physicochemical changes are best reflected in the vibration properties of the investigated water molecules: missing hydrogen bond partners lead to so-called "dangling" O-H bonds, which exhibit blue shifted O-H stretch vibrations. 14 Furthermore, within proteins, charges from amino acid side chains cause strongly polarized and thus elongated hydrogen bonded O-H bonds, leading to red shifted O-H stretch vibrations. These altered O-H bond vibrations should provide excellent infrared marker bands to track the transient formation and destruction of protein-internal water networks. However, protein-bound water wires and networks are highly dynamic and in some cases only transiently existing. They therefore need to be investigated by methods with a high time resolution. Here we demonstrate that by combining time-resolved FTIR spectroscopy and coupled Quantum Mechanical/ Molecular Mechanical (QM/MM) simulations, we are able to identify and track such marker bands of transient water wires in a membrane protein with a high time resolution and thus follow the formation of protein-bound water motifs. Furthermore, we show that the marker band line shape is directly coupled to the structure and dynamics of the respective water network, which allows the elucidation of its transient structure at atomic detail. To demonstrate our strategy, we study bacteriorhodopsin (bR), 36 a light-driven proton pump from the protein family of microbial rhodopsins. 37 Like all microbial rhodopsins, it contains a retinal chromophore, which is covalently bound to the protein via a protonated Schiff base. Upon light activation, the chromophore undergoes isomerisation and protonation/deprotonation reactions, which drive the protein through a cycle of well-defined intermediate conformations 36 termed K, L, M, N, and O, in order of their appearance. The general importance of water molecules in the proton transport in bR was elucidated in detail. 1, 14, 38, 39 However, only recently, we found the putative IR spectral signatures of a proton transporting water wire within the N intermediate of the proton pumping photocycle of bR.
35 Figure 1 depicts the proposed water wire formation mechanism herein: water molecules are moved by defined conformational changes from their inactive ground state storage positions into the hydrophobic proton uptake region to form a transient wire between Asp96 and the Schiff base nitrogen atom. By a proton transfer from Asp96 to the Schiff base, the central proton binding site at the Schiff base is reprotonated. We experimentally identified the spectral signatures of two "dangling" water molecules at 3670 cm −1 and 3658 cm −1 . 14, 35 Dangling water molecule vibrations can be observed in the same IR spectral regime in carbon nanotube-bound water wires, too. 40 Furthermore, we observed a broad continuum absorbance band between 2750 cm −1 and 2540 cm −1 . We attributed these two spectral features to a transient water wire of three water molecules, transiently bridging Asp96 and the retinal Schiff base in the N intermediate. In this article, we explicitly disentangle the unusual vibrational characteristics of this transient water wire by QM and QM/MM simulations and compare the computed IR spectra with experimentally derived FTIR spectra.
II. COMPUTATIONAL METHODS

A. Normal mode analysis (NMA)
NMA was carried out in GAUSSIAN09. 41 The calculations were based on our 20 ns membrane equilibrated structures from our earlier simulations with a bR trimer, of which one protein was modeled to be in the N state. 35 To represent a minimum of different conformations of the water wire and its surrounding amino acids, three independent sample runs were carried out for each system, each basing on different and randomly chosen time steps during the last 5 ns of these earlier MM simulations. The vacuum models contained the Thr46, Asp96, and Lys216 side chains, the retinal cofactor, and the water molecules found between those residues. Systems were prepared for vacuum calculations so that amino acids backbone atoms were removed, with the exception of C(alpha), and retinal was capped between C11 and C12. The resulting QM vacuum models contained 62 atoms in total (39 hydrogen atoms, 16 carbon atoms, 6 oxygen atoms, and 1 nitrogen atom). A full overview of a representative QM vacuum model is given in Figure S1 in the supplementary material. 42 Due to SCF convergence problems, we performed a three-step minimization process: The systems were initially optimized at the HF level with a 6-31+G * basis set and the Berny algorithm using GEDIIS 43 as SCF procedure. We then continued with a B3LYP optimization with a 6-31++G * * basis set and a quadratic convergent SCF procedure, 44 followed by a last round of B3LYP optimization with a 6-31++G * * basis set and GEDIIS as SCF procedure. To keep the current side chain orientation in the respective snapshots, all C(alpha) atoms, the C(delta) atom of Asp96, the retinal C12, and the Schiff base nitrogen atom were constrained to their initial positions during the full minimization sequence (see Figure S1 in the supplementary material 42 ). Normal mode calculation was then performed using B3LYP with a 6-31++G * * basis set by diagonalization of the Hessian matrix of the QM system. Asymmetry corrected vibrations were calculated by an asymmetry factor of 0.9632.
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B. Self-consistent charge density functional tight-binding (SCC-DFTB) calculations
QM/MM simulations were carried out using the Chemistry at HARvard Molecular Mechanics (CHARMM) program (c33b1 version) 46 with the CHARMM22 force field, 47 and TIP3P water molecules. 48 WT bR simulations were based on the membrane-equilibrated bR N intermediate structural model from our earlier simulations mentioned above . 49 Missing hydrogen atoms were added with HBUILD. 50 Asp85, Asp115, and the Lys216-retinal Schiff base were set to be protonated. 51 An all-trans-retinal topology was obtained from Refs. 52 and 53. For water molecule addition, we extracted water molecules from the final membrane/solvent simulation structure with a distance of 25 Å to the NZ atom of Lys216 and added missing water molecules by superimposing the system with a water sphere of 25 Å. We used the generalized solvent boundary potential (GSBP) approach 54, 55 to account for electrostatics, with parameters and workflow as previously done by Goyal et al.: 56 the system was partitioned into a 22 Å inner region centered at the NZ atom of Lys216, while the rest of the protein was treated as the outer region.
For QM/MM simulations, we used the third-order extension of SCC-DFTB 57, 58 plus the modification of the γ function for atom pairs involving hydrogen. 58 To achieve SCF convergence, the electron temperature was set to 500 K. The Quantum Mechanics (QM) boxes contained the Asp96 and Lys216 side chains, the retinal cofactor, and the water molecules found between those residues. Thr46 had to be excluded from the QM box, as its inclusion blocked SCF convergence during calculation. The QM/MM boundary was accounted for by introducing link-atoms between the Cα and Cβ atoms of the QM amino acids. 59 All QM/MM simulations mentioned below were carried out with a step size of 0.5 fs, solving Newton's equations of motion for the MD region within 18 Å of the NZ atom of Lys216. Motions in the buffer region (18-22 Å) were calculated by Langevin dynamics with a temperature bath of 300 K. 60 To keep them inside the inner sphere, water molecules were subjected to a weak GEO-type restraining potential as described in Goyal et al. 56 All protein atoms in the buffer region were harmonically restrained with force constants: these B factors were directly determined with the g_rmsf module of GROMACS 61 from the protein dynamics during the last 5 ns of trajectories presented in Freier et al. 35 To account for protein groups and water molecules that switched between inner and buffer region during simulations, Langevin atoms were updated heuristically. Within the inner sphere we used an extended electrostatics model, in which groups beyond 12 Å interact as multipoles. 62 The entire system was minimized via the Adopted Basis Newton-Raphson method available in CHARMM, then heated gradually to 300 K, and then directly subjected to production runs. Theoretical IR spectra were computed by the Fourier transform of the classical dipole autocorrelation function (FT-DAC) 63, 64 as described in Goyal et al. 56 No SHAKE constraint 65 was applied to any bond. For each system with different QM box size, three independent trajectories (same starting coordinates, different temperature seeds) with a length of 1.1 ns each were carried out for each setup for spectra calculation. The dipole moment was calculated on-the-fly from the coordinates and Mulliken charges of QM atoms at each step. The IR spectrum for the QM region were then computed by the Fast Fourier transform of the dipole autocorrelation function of such dipoles, using 2097152 data points, and a Blackmann filter to enhance spectral resolution. For facilitating spectral comparison and further enhancement of the signal-to-noise ratio, spectra from the three separate runs for each QM box size were averaged into one spectrum, which then was smoothed by calculating its running average with a window size of 16 cm −1 . As mentioned in the main text, we here focus on comparison of the spectral line shape, but not the exact spectral position, as SCC-DFTB exhibits frequency inaccuracies of up to 200 cm −1 for O-H vibrations. 66 We therefore rescaled the calculated spectra such that the calculated dangling vibrations of the three water molecule wire at 3807 cm −1 (assignment was done in comparison with NMA modes given in Table SI in the supplementary material 42 ) matches the experimentally observed double peak at 3670 cm −1 and 3658 cm −1 (the unscaled spectra can be seen in Figure S2 in the supplementary material 42 ). This resulted in a scaling factor of 0.962. As we obtain this scaling factor by matching the calculated dangling O-H stretch vibrations with the experimental ones, we expect the factor to be applicable to other O-H stretch vibrations, as well. This is justified by the resulting nice match of experimental and theoretical spectra of the broad continuum absorbance between 2775 cm −1 and 2525 cm −1 . To facilitate spectral comparison of combination vibration bands between 3000 cm −1 and 2500 cm −1 , we corrected the respective spectral range by subtracting an exponential function from the calculated spectra. This exponential function mimics temporally uncoupled O-H vibrations of single water molecules in the water wires (comparable to vibrations in bulk water), which we observed in calculations with a QM box consisting out of only Asp96 and the water molecules (see Fig. S3 in the supplementary material 42 for the respective spectra and correction functions). Though these calculations contain an excess charge of −1, Goyal et al. showed that the resulting spectra show a neglectable coordinate dependence, 56 and thus can be compared with the ones obtained from QM boxes, which additionally include the retinal Schiff base. For calculations with a water wire out of three water molecules, the exponential function had the form of
For the systems with a water wire of four water molecules and V49A, the exponential function had the form of Table SI in the supplementary material 42 ) compared to experimentally determined absorptions. 35 The analysis reveals two groups of dangling O-H bonds: two bonds with frequencies between 3742 cm −1 and 3716 cm −1 at the water molecules termed "middle" and "bottom," and one bond with a frequency around 3350 cm −1 at the water molecule termed "top." Frequencies in brackets denote a situation where the hydrogen bond arrangement has changed in a way that the "top" water molecule contains a dangling bond, while the "middle" water has none. The calculated dangling bonds are in agreement with the respective experimentally observed bands at 3670 cm −1 and 3658 cm −1 . 35 
III. RESULTS AND DISCUSSION
A. Normal mode analysis
To gain a first understanding of the frequency range sampled by a water wire between Asp96 and the Schiff base, we carried out normal mode analyses (NMA) of DFT calculations with vacuum water wire model systems based on extracted snapshots from our earlier Molecular Mechanics (MM) MD simulations in a membrane/solvent environment. 35 Figure 2 depicts the result of this analysis (the detailed structures and frequencies for these models are summarized in Table SI in the supplementary material 42 ). In agreement with our measurements in the IR regime of dangling O-H bonds, the water wire contains two water molecules (usually "middle" and "bottom"), which show dangling vibrations between 3742 cm −1 and 3716 cm −1 . As can be seen in Fig. 2 , the absorption ranges of both water molecules overlap to a large extent but are not completely identical (3730-3716 cm −1 and 3742-3725 cm −1 ). This fits well with the experimentally observed vibrations at 3670 cm −1 and 3658 cm −1 , which form a double peak of two overlapping absorption peaks. 35 The calculated absorptions exhibit an acceptable blue shift of about 70 cm −1 to their experimental equivalents, possibly due to the vacuum environment of the model. The third water molecule (usually "top") is hydrogen bonded to both Thr46 and Asp96. It consequently exhibits no dangling vibration, but vibrations at 3550-3351 cm −1 ; these overlap with the spectral range of bulk water and are therefore masked in the experimental time-resolved FTIR spectra. Due to the flexibility of the water molecules during the MD, the "top" and "middle" water molecules can switch one hydrogen bond partner (Thr46), leading to an alternative hydrogen bond pattern. This case (Table SI in the supplementary material, 42 conformation C) nonetheless exhibits the same spectral pattern of two "dangling" vibrations and one vibration masked by bulk water.
Within the range of strongly hydrogen bonded O-H vibrations, the vacuum model systems displayed in Fig. 2 show combined symmetrical vibrations between 2745 cm −1 and 2554 cm −1 , which is in very good agreement with the experimentally observed vibration between 2750 cm −1 and 2540 cm −1 , and combined asymmetric vibrations between 2888 cm −1 and 2682 cm −1 . Interestingly, these vibrations are not located on a single O-H bond, but arise from combined stretch vibrations of all hydrogen bonded O-H bonds of the three water molecules together with the N-H bond of the retinal Schiff base. The exact frequency of this vibration should therefore be very sensitive to the position of the water molecules. This fits to the experimentally observed broadening of the band over 210 cm −1 (see Fig. 3 ). A linear chain of water molecules therefore indeed exhibits marker bands within the experimentally proposed spectral ranges. However, peak absorbances calculated in NMA analysis in the regime of strong hydrogen bonded O-H bonds cannot be directly compared with the experimentally observed broad continuum absorbances. To make such a comparison, we have to perform a calculation of the actual line shape of the IR spectra for the investigated water wire. For this, we need to employ a QM method that allows simulations long enough to sample its conformational range and dynamics. We therefore carried out third-order SCC-DFTB 57, 58 QM/MM calculations and calculated the respective IR spectra by a Fourier transformation of the dipole autocorrelation function of the QM box. Figure 3 shows the theoretical spectra derived from SCC-DFTB QM/MM calculations of the water molecule wire in comparison with the experimental spectra. We here focus on comparison of the spectral line shape, but not the exact spectral position of the calculated absorbances, as SCC- The experimental spectrum shows a peak (hatched with horizontal lines) with two maxima at 3670 cm −1 and 3658 cm −1 , which was attributed to two water molecules with dangling O-H bonds appearing in the water wire. 35 In agreement with this, the simulations show one major combined absorption peak (highlighted in grey). The negative experimental peak at 3643 cm −1 is caused by a water molecule with a dangling O-H bond at the complex counter ion of the Schiff base. 14 (Right) Baseline-corrected strong hydrogen bond range. The experimental spectrum shows a broad double-hump shaped continuum absorbance feature between 2775 cm −1 and 2525 cm −1 . In agreement with this, the calculations result in a similar broad double-hump shaped continuum absorption feature between 2700 cm −1 and 2530 cm −1 .
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B. SCC-DFTB calculations
DFTB exhibits frequency inaccuracies of up to 200 cm −1 for O-H vibrations. 66 We attribute the difference in peak position between the calculated and the measured dangling bond absorbances to SCC-DFTB being based on a minimal base set approach: 57 As such a minimal base set cannot respond well to polarization effects by surrounding charges, the stretch vibrations will not be affected by the protein environment in silico as much as in the real protein in vitro. As this should lead to a systematic error of the calculations, we decided to rescale the calculated spectra such that the calculated dangling vibrations of the three water molecule wire matches the experimentally observed double peak at 3670 cm −1 and 3658 cm 42 for details), resulting in a scaling factor of 0.962. We assigned the spectral sources of the peaks by comparison with our NMA analysis from the vacuum models. In the range of dangling water vibrations, a single absorbance peak at 3665 cm −1 is observed. This peak fits well to the narrow shape of the experimentally observed double peak at 3670 cm −1 and 3658 cm −1 . As our NMA analysis showed, the vibrations of both "middle" and "bottom" water molecules cause this experimentally observed absorption. In agreement with this, a Fourier analysis of the frequency range of O-H vibrations of the water wire forming molecules (see Fig. S5 in the supplementary material 42 ) show that both "middle" and "bottom" water molecule in SCC-DFTB calculations vibrate in this frequency range, too. An additional peak at 3552 cm −1 in the calculations (see Fig. S6 in the supplementary material 42 ), coming from the "top" water molecule, would experimentally be masked by bulk water absorptions. In summary, the line shape of the dangling O-H bond spectral regime is in good agreement with the experimentally observed absorbance and therefore confirms the presence of a transient water wire in the N intermediate.
In the regime of strong hydrogen bonds, the scaled water wire spectra calculated via SCC-DFTB exhibits a broad double-hump shaped continuum absorption feature between 2700 cm −1 and 2530 cm −1 . Its shape closely resembles the experimentally observed broad double-hump shaped continuum absorbance between 2750 cm −1 and 2540 cm −1 . Though applying the scaling factor obtained from the dangling O-H bond regime, the minimum observed in the experimental spectrum at 2626 cm −1 agrees well with the scaled calculated minimum at 2624 cm −1 (see Fig. S6 in the supplementary material 42 ), supporting our approach of scaling by a constant factor. As in the case of the dangling bond stretch vibrations, we attribute the difference in broadness between the calculated and the measured continuum absorbance to the minimal base set approach of SCC-DFTB: as polarization effects should be underestimated, the calculated continuum absorbance is more narrow than the measured continuum absorbance. Like in the case of the dangling O-H bond regime, the spectral line shape in the combined O-H vibration regime is in good agreement with the experimental line shape and thus agrees with the presence of a transient water molecule wire.
We here need to point out that the QM part of our QM/MM calculations does not contain the functionally important Thr46 side chain. 35, 67 Inclusion of Thr46 into the QM part of QM/MM simulations always resulted in a crash of the QM/MM simulations due to missing SCF convergence. However, we found that there is a good match between the full QM vacuum model NMA spectra and the reduced model SCC-DFTB spectra, so we decided to keep Thr46 in the MM part. We therefore decided that despite its importance for both the photo cycle and water wire formation, 35, 67 the influence of Thr46 on solely the IR spectrum of the water wire seems to be small enough to be neglected.
As an additional test, we investigated if a mutation of an amino acid forming the hydrophobic cavity of the water wire affects the calculated vibrations. Such a mutation is the V49A variant of bR, which forms the basis of a N intermediate crystal structure, 49 and was shown to affect the experimentally observed N intermediate continuum band. 35 Figure S6 in the supplementary material 42 shows the resulting calculated spectra for V49A mutated bR: In the regime of strongly hydrogenbonded water molecules, the mutant clearly misses the broad continuum absorbance feature, but exhibits a slope-like line shape comparable to the spectral signature of the four water molecule chain. Furthermore, in the regime of dangling O-H bonds, the V49A mutant exhibits a strongly altered line shape, with calculated absorptions ranging from 3550 cm −1 up to 3750 cm −1 . The structural reason for this change in line shape can be seen in Fig. S7 in the supplementary material: 42 the V49A mutation creates enough space to allow the intrusion of two additional water molecules between Asp96 and the Schiff base, which leads to a water chain made out of five water molecules. As the V49A mutant exhibits a strongly altered photocycle, 49 we need to verify the spectral changes with another mutant. Such a suitable mutation is Val49 to methionine: this mutation also affects the line shape of this absorbance. 68 Summing up, a mutation of an amino acid flanking the water wire exhibits changes of the calculated spectral line shape, which is in good agreement with experimental observations. This again highlights the sensitivity and quantitative nature of our strategy that combines experimental FTIR and theoretical spectra calculations.
C. Structural analysis of water wires
Having identified spectral marker bands indicative for protein-internal water wires, we wanted to verify if structural information can be obtained directly from their line shape. Figure S8 in the supplementary material 42 and Table SI in the supplementary material 42 show a normal mode analysis of an alternative four water wire model in the N state of bR. 35 Here as well, combined symmetrical stretch vibrations are found between 2734 cm −1 and 2626 cm −1 and dangling vibrations between 3740 cm −1 and 3555 cm −1 . The NMA therefore does not discriminate between water wires of different lengths. As Figure S8 in the supplementary material 42 shows, SCC-DFTB simulations with four water molecules only result in a broad unspecific absorption between 3750 cm −1 and 3625 cm −1 , which is not in agreement with the FTIR experiment. In the regime of strong hydrogen bonds, the four water molecule wire SCC-DFTB spectrum exhibits a slope-like shape above 2750 cm −1 , which does not agree with experimental spectra, too. The spectral line shape in both the dangling O-H bond regime and in the combined O-H vibration regime therefore is characteristic of a three-water molecule wire. By combining theory and experiment, we therefore are able to establish unambiguously the number of water molecules in a proteinbound internal water wire as well as the structure and dynamics of the underlying hydrogen bond network. Therefore, this strategy is especially interesting for proteins, where highly mobile water molecules are thought to participate in transient chain formation, which is difficult to observe with X-ray crystallographic analysis. For example, in high-resolution crystal structures of the bacterial reaction center, a water wire of eight water molecules can be resolved. A ninth water molecule was predicted at a position essential for proton transfer to the quinone cofactors, 10, 69 but it was not observed in the respective crystal structures. Furthermore, continuum bands in the regime of strong hydrogen-bonded O-H stretch vibrations were observed to appear transiently in the protein reaction cycle. 69 Here, FTIR in combination with theoretical calculations can verify such predictions.
IV. CONCLUSION
By a close integration of time-resolved FTIR spectroscopy and different QM-based simulation techniques, we investigated the dynamic structure of a transiently formed water wire made out of protein-bound water molecules, which in the resting state are stored at inactive positions. During the proton-pumping cycle, this transient water wire allows a proton to pass through a hydrophobic environment in an intermediate protein conformation of a membrane protein. The water wire itself proves to be a highly polarized chain of water molecules passing through a narrow hydrophobic tube, and by this closely resembles the situation of water molecules passing through a single-walled carbon nanotube, 33, 34, 40 allowing the transfer of our findings to the development of nanoscale technical applications. This comparability implies that proton conduction through protein-bound water wires will be performed by a mechanism in form of intermediary Zundel ionlike steps. 70 We were able to determine spectral marker bands of such transient water wires. Figure 4 shows the spectral marker bands, which we found to be characteristic of proteininternal water wires: Between 3800 cm −1 and 3600 cm −1 , sharp absorption peaks can be observed, coming from dangling O-H stretch vibrations. Between 2900 cm −1 and 2500 cm −1 , broad continuum absorptions are observed, coming from combined stretch vibrations along the line of O-H bonds and hydrogen bonds, which together form the water wire. As these two spectral ranges are found outside of the bulk absorption range, they are highly specific spectral markers to track the transient appearance of such water wires. The IR line shape in these spectral regimes appears characteristic of the structure and dynamics of the water wire, allowing a detailed structural analysis, and even the determination of FIG. 4 . Schematics of IR spectral ranges found to be characteristic for water wires in proteins. The bulk water absorption (black) masks any specific IR absorption between 3600 cm −1 and 2800 cm −1 . Between 3850 cm −1 and 3650 cm −1 , sharp absorbance peaks can be observed, coming from dangling O-H stretch vibrations. Between 2900 cm −1 and 2500 cm −1 , a broad continuum absorbance is observed, coming from combined stretch vibrations along the line of O-H bonds and hydrogen bonds. the exact number of water molecules forming the water wire. We could confirm our earlier assumption from MM simulations that the N intermediate water wire in bR is formed out of three water molecules. This shows that, with the approach presented herein, we are now capable of directly and unambiguously determining the structure and dynamics of transient water wires based on FTIR spectra and protein crystal structures with missing functionally important water molecules. Our work paves the way for similar analyses of permanent or transiently formed water wires that serve as proton conducting pathways in other membrane proteins, such as PS II, 2-4 cytochrome C oxidase, 5, 6 bacterial reaction center, 9, 10 respiratory complex I, 8 channelrhodopsins, 17, 18 human proton channels, 15, 16 or viral proton channels. 20, 21 Our results may also help to better understand the GPCR activation process, which appears to be coupled to protein-bound water molecule reorganization. [23] [24] [25] [26] [27] [28] This work therefore contributes to the understanding of how protein internal water molecules reorganize and contribute to the structure, dynamics and function of membrane proteins in general. Furthermore, our approach can be used for monitoring transient water motifs appearing in confined nanoscale hydrophobic environments, and thus for research on nanotube-based molecular systems, 33, 34, 71 water-mediated ligand binding to proteins, 72 or molecular machines 73 in general.
